Abstract: Intraocular power calculation is challenging for patients who have previously undergone corneal refractive surgery. The sources of prediction errors for these eyes are well known; however, the numerous formulas and methods available for calculating intraocular lens power in these cases are eloquent testimony to the absence of a definitive solution. This review discusses some of the available methods for improving the accuracy for predicting the refractive outcome for these patients. It focuses mainly on the methods available on the American Society of Cataract and Refractive Surgery (ASCRS) online calculator and provides some practical guidelines for cataract surgeons who encounter these challenging cases.
M odern cataract surgery is gradually becoming both a rehabilitative and a refractive procedure. The introduction of partial coherence interferometry (PCI) 1 and optical low-coherence reflectometry (OLCR) 2 for the measurement of axial length, along with more advanced intraocular lens (IOL) power calculation formulas, 3-5 has greatly improved our ability to predict postoperative refraction. 6 Cooke et al 6 reported that more than 80% and 98% of eyes were within 0.5 and 1.0 diopter (D), respectively, from target refraction using measurements from an OLCR device with new-generation formulas in eyes with no previous corneal refractive surgery. Unlike nonoperated eyes, IOL power calculation after refractive surgery, first described by Holladay 7 in a letter in 1989 and in an article by Koch et al, 8 are problematic. Although the sources of prediction errors for these eyes are well known, the solutions for eliminating them remain elusive.
9,10 It has been a disappointment to everyone that methods which utilize various combinations of historical and contemporary data, regression formulas, and direct measurements of the total corneal power have been unable to reach a level of accuracy comparable to those in nonoperated eyes. There have been numerous formulas and calculation methods proposed for use in these eyes, and the process of employing them is typically time consuming and complex. As a result, surgeons and their staff are often uncomfortable when a patient presents for cataract surgery after refractive surgery. The numerous approaches for this type of IOL power calculation have led to the development of spreadsheets that contain several methods and formulas, among them the Hoffer-Savini IOL power tool calculator, 11, 12 the McCarthy postrefractive calculator, 13, 14 and the American Society of Cataract and Refractive Surgery (ASCRS) 15 online calculator. The aim of this review is to discuss some of the more popular and up-to-date solutions for IOL power calculation in eyes that have undergone myopic laser in situ keratomileusis (LASIK) or photorefractive keratectomy (PRK) surgery and to recommend some practical guidelines for surgeons in managing these challenging cases.
SOURCES OF ERROR IN IOL POWER CALCULATION AFTER MYOPIC LASIK/PRK
There are 3 main sources of error in IOL power calculations for a patient that has undergone a myopic LASIK/PRK operation 11, 16 : Radius errors. These errors occur when the keratometry/topography measurements are not taken from the center of the cornea. 17 The frequency of their occurrence has been reduced with the introduction of newer forms of ablation that use a larger effective optical zone. As a result, these errors are now usually small (around 0.1 D).
18 They might, however, be more significant for eyes with small or decentered ablations, or for eyes with an irregular central cornea. Keratometer index errors. Keratometers that are based on anterior corneal measurements assume a fixed ratio between the anterior and posterior surface of the cornea. In many countries, by convention they use a standard keratometric index of refraction of 1.3375 for the calculation of the total corneal power. It has been demonstrated that removal of some anterior corneal stromal tissue effects minimal, if any, change in posterior corneal curvature (ie, <0.1 D). [19] [20] [21] This means that standard keratometry measurements should not be used in these eyes without adjustments to estimate the total corneal power. Unadjusted IOL power calculation derived from these measurements after a myopic ablation will be mistakenly based on an overestimation of the mean keratometry (K) power, which will potentially lead to a hyperopic surprise. An opposite effect will occur in eyes after a hyperopic ablation: underestimation of the corneal power will lead to a postoperative myopic surprise. This error can be addressed, with some degree of success, by various formulas that mathematically estimate the total corneal power or, alternatively, by direct measurements of the total cornea power using Scheimpflug imaging, 10, 22, 23 of the posterior corneal surface (second Purkinje reflex), or intraoperative interferometry. 24,25 These options should, at least theoretically, provide a more accurate estimation of the ablated net corneal power. However, many of these corneas have different powers in different locations and, as such, the measurement error may not be consistent. IOL formula errors. After a myopic ablation, formulas that estimate the effective lens position (ELP) based on the mean K value will incorporate a factitious lower mean K value into their algorithm if the post-LASIK/PRK K value is used. This will lead to an underestimation of the ELP that, in turn, will result in an underestimation of the IOL power and potentially a hyperopic prediction error. This issue was recognized by Aramberri, 26 who described the ''double-K'' approach, in which the current estimated total mean K is used for the vergence calculation and the pre-LASIK/PRK K is used to calculate the ELP. This solution was also recognized by Holladay 
THE ASCRS POSTREFRACTIVE IOL CALCULATOR
The ASCRS postrefractive IOL calculator is a free online tool that enables surgeons to automatically generate a range of IOL power predictions by entering historical data (pre-and post-LASIK/PRK refraction), biometry measurements, and K measurements (taken by any one of a variety of devices). Since its introduction online, this calculator has been evaluated by several studies 28, [32] [33] [34] [35] and has since become the preferred method of calculation for many surgeons who find themselves addressing these challenging cases. The original version included formulas that were categorized into 3 groups ( Table 1 ):
Methods that rely on prior keratometric and refractive data (this option is no longer available on the ASCRS calculator). The 3 formulas in this category were the clinical history method (originally described by Holladay 7 and served for many years as the "gold standard" 33 for this type of calculation), the Feiz/Mannis method, 36 and the corneal bypass 37 method. The main problem of formulas that rely on historical data is their high sensitivity to inaccuracies in mean K and/or refraction values that might be derived from inaccuracies in central corneal measurements, premature or inaccurate recording of a refractive change, and so on. These errors might lead to significant prediction errors, as a 1 D error in mean K or change in refraction (∆MR) will result in roughly a 1 D difference in the calculated IOL power. 38 Indeed, the accuracy of these formulas has been questioned by the findings of several clinical studies.
13,33,39-41 After a reported accuracy of less than 60% within 0.5 D by Wang et al, 33 these methods were removed from the ASCRS online calculator. Methods that use the surgically induced manifest refractive change (∆MR) and the current anterior corneal power measurement values. These approaches multiply the ∆MR by a fraction (range, 0.14 to 0.33) and then use it either to adjust the measured mean K value or the calculated IOL power.
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Some of these methods are reported to have slightly better accuracy than others. 28, 33, 41 Methods that do not rely on historical data. These methods mainly fall into 2 categories: (1) regression formulas 16, 30, 42, [44] [45] [46] [47] [48] that adjust the measured K values, or (2) formulas that are based on direct measurements of the anterior and posterior surfaces of the cornea measured either by a Scheimpflug 49 device or by an OCT-based technology. 39, 50, 51 In a study that evaluated the accuracy of formulas that do not rely on historical data, Wang et al 9 investigated the accuracy of 104 post-LASIK/PRK eyes that underwent cataract surgery and compared an OCT-based formula 50 with the Barrett True-K No History, along with the Wang-Koch-Maloney, 52 Shammas, and Haigis-L formulas. Those authors found that the OCT formula had a 0.35 D median refractive prediction error compared with 0.48 for the Shammas formula and 0.51 for the Wang-Koch-Maloney formula (P < 0.05). They also noted, however, that all the tested formulas rendered less than 70% of eyes within 0.5 D of the target refraction, with the OCT formula having the highest accuracy at 68.3%.
OTHER FORMULAS
Among the plethora of methods/formulas currently available for IOL power calculations after myopic PRK/LASIK surgery, we have elected to focus this review on the formulas that are available on the ASCRS online calculator. Some other popular formulas include the Latkany, 53 Camellin and Calossi, 47 and Rosa 48 (Table 2) .
RAY TRACING
The use of anterior corneal-based measurements adjusted by a fixed refractive index to estimate the total corneal power has long been an acceptable compromise for IOL power calculations. This method of calculation, however, can cause corneal power estimation errors that may lead to postoperative prediction errors even in nonoperated eyes that have abnormal posterior/anterior corneal curvature ratios. 38 The use of direct measurements of the anterior and posterior corneal curvatures and of the central corneal thickness to calculate the total corneal power should theoretically be the most accurate method for measuring the total corneal power for all eyes, including those with ablated corneas. The use of ray tracing for the calculation of the total corneal power should circumvent the above-mentioned inherited errors in post-PRK/ LASIK eyes. However, one should bear in mind that the corneal power should not be integrated in the algorithms that calculate the ELP and that these methods should rely on accurate measurements of the anterior and posterior corneal curvatures for accurate calculation of the corneal power. To date, the 2 main technologies that are used for direct measurements of the posterior corneal curvature are Scheimpflug imaging and OCT.
Savini et al 54 found that corneal ray tracing, based on a combined rotating Scheimpflug camera-Placido disk corneal topographer (Sirius; CSO), accurately measured corneal power changes after ablative procedures in 72 ablated corneas. In a separate prospective study that included 21 eyes that had undergone a myopic ablative procedure, Savini et al 55 found that IOL power calculation by ray tracing using internal software of the same Scheimpflug-based device described above yielded a prediction accuracy 3. This formula is the same as the Barret True-K formula, outlined above, with the difference that it is using an internal regression formula rather than ΔMR to calculate the mean K. 
Method/Formula Description
Corneal Power Estimation
IOL Power Estimation
Camellin and Calossi 
INTRAOPERATIVE APHAKIC MEASUREMENTS
Intraoperative aphakic measurements were introduced in 2005.
56 By using intraoperative aphakic refraction, this method has the advantages of (1) incorporating the total corneal power in its IOL power calculation algorithm and (2) rather than arriving at a solution by which 1 lens is replaced by another, power is being added to an existing optical system: the aphakic eye. Initial attempts with intraoperative retinoscopy and autorefraction [56] [57] [58] [59] were followed by intraoperative aberrometry. 24, 25, 35 This latter approach begins with removal of the crystalline lens, after which an aberrometer obtains an aphakic refraction, which is combined with biometric data to calculate the IOL power for the desired postoperative refraction. As these vergence-based formulas are modified by using prior group-and surgeon-specific outcomes, a regression formula is once more involved. Ianchulev et al 25 compared the intraoperative aberrometry results in 246 eyes and reported refractive prediction accuracies of ±0.5 D in 67% eyes and ±1.0 D in 94% eyes. Slightly higher percentages of accuracy were reported by Fram et al 24 in 39 eyes (74% and 97%, respectively), with no significant difference in accuracy as compared with the Haigis-L formula and an OCT-based formula.
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PRACTICAL ADVICE AND GUIDELINES
Dry Eye
After LASIK/PRK, patients are prone to dry eye symptoms, 60 which may lead to unreliable keratometric measurements. Furthermore, dry eye symptoms may increase after cataract surgery. A careful evaluation and appropriate treatment for dry eye in the preoperative assessment examination is mandatory.
Corneal Topography/Tomography
Corneal topography/tomography is strongly recommended for any patient who has undergone refractive surgery. This information will help the surgeon determine the type of the refractive procedure that had been performed and detect the presence and degree of surface irregularity, including a decentered ablation treatment. Eyes with prior myopic refractive surgery will generally show central corneal flattening and those with prior hyperopic refractive surgery will show central corneal steepening. When there is no history available, this may be a helpful way of determining which type of refractive surgery was carried out. also helpful in demonstrating to patients the reduction in contrast. Higher-order aberrations, such as positive spherical aberration and multifocality, are typical findings in corneas after myopic PRK/LASIK procedures. It is important to explain to patients that these aberrations will persist after cataract surgery. The amount and type of spherical aberration can help guide the surgeon in tailoring the most appropriate IOL for each patient. Typically, a postmyopic ablation, which flattens the central cornea, will result in an increase in positive spherical aberration, in which case an aspheric IOL with the addition of negative spherical aberration would be preferred.
61 A more flattened central cornea is likely to lead to reduced contrast sensitivity, most noticeable at larger pupil sizes. Cataract surgery may not resolve this condition.
Toric IOLs
Correcting residual refractive astigmatism for an eye with prior refractive surgery introduces an additional challenge. To consider a toric IOL implantation, one should first validate that at least the center of the cornea has a relatively regular and symmetric astigmatism. Posterior corneal astigmatism should be taken into account as for nonoperated eyes with toric IOL implantation.
62-67 However, it is important to note that formulas that calculate the estimated total corneal astigmatism based on anterior cornea measurements, such as the Barrett toric calculator 62,67 and the Abulafia-Koch regression formula, 66 will not be valid for these eyes due to the change in the anterior-posterior corneal curvature ratio. Although direct measurements of the posterior cornea have not been proven to be more accurate than mathematical models for toric IOL power calculation in nonoperated eyes, 62 they might be a more appropriate option for eyes that underwent LASIK/ PRK. Intraoperative aberrometry may also be useful in these eyes. Another currently available option is the Barrett True-K toric calculator, 68 which uses an additional "double K" solution, not only for the ELP estimation but also for the estimation of the total corneal astigmatism.
Multifocal IOLs
Implantation of multifocal IOLs in eyes that have previously undergone refractive surgery remains controversial. Issues include quality of vision and accuracy of IOL power calculation in a patient population that will usually have high expectations for spectacle independence. Eyes with highly aberrated corneas are likely to provide poor quality of vision with multifocal IOLs, but the exact parameters that would rule out multifocal IOL implantation have not been elucidated within the ophthalmic literature. Recent unpublished reports have suggested that IOLs with an extended depth of focus may be more forgiving in this regard. These eyes also face the issue of poor predictability of IOL power. Further work is needed to define optimal parameters for corneal topographic features and IOL optical design characteristics.
Special Considerations for Eyes After LASIK
Surgeons should perform corneal incisions outside the flap edge in eyes that have undergone prior LASIK. Another alteration that may occur in these eyes, albeit rarely, is early transient myopic shift due to corneal edema that might accumulate in the flap interface and lead to central corneal steepening. Slit-lamp biomicroscopy and corneal topography can easily identify these cases of myopic surprise. These issues are not relevant to patients after PRK treatments.
Which Formula/Method Should One Use?
Numerous publications comparing the accuracy of different methods for IOL power calculation in eyes after myopic LASIK/ PRK are available. However, lack of methodology standards, inconsistency in the methods that were compared, and small sample sizes in some studies make it hard to compare accuracy among all methods. Even though spreadsheet solutions greatly improved the feasibility and the efficiency in IOL power calculations for these cases, often surgeons find themselves struggling to choose an IOL power based on calculation methods that are not aligned and may be diverse in their predictions.
Recently, Abulafia et al 28 evaluated the accuracy of a new formula on the ASCRS calculator, the Barrett True-K. The Barrett True-K formula is based on the Barrett Universal II formula. It calculates a modified K value for patients who have had myopic LASIK or PRK and requires the ∆MR. In addition, the formula can predict the required power of the IOL when no refractive history is available (no-history formula). They found that the Barrett True-K formula gave results better than or similar to those of several methods on the ASCRS online calculator, with a median absolute error of 0.33 D. However, only 67.2% and 94.8% of eyes were within 0.5 D and 1.0 D from the target refraction, respectively.
A recent meta-analysis by Chen et al 41 compared the prediction accuracy of 11 methods in 9 different studies published between 2000 and 2014. They compared the accuracy of 1 of the most popular formulas, the Haigis-L, with 11 other methods and found that Haigis-L was more accurate than the clinical history method, corneal bypass method, and Feiz-Mannis, and that it was less accurate than the Masket and the Shammas (combined with the Shammas-PL) methods. In their meta-analysis, they did not include methods that were based on Scheimpflug camera or OCTbased technologies nor intraoperative aphakic refraction methods. Again, results were disappointing, with prediction accuracy of 56.1% and 50.8% within 0.5 D and 84.1% and 83.8% within 1.0 D for the Masket and the Shammas methods, respectively.
At present, it may be wise to use several methods and to follow a worst-case scenario approach coupled with one's personal experience and clinical judgment. Aiming for a mild myopic spherical equivalent between −0.25 and −0.50 D reduces the risk of a postoperative hyperopic refraction in these cases.
Patient Expectations
Patients who have previously undergone corneal refractive surgery to achieve spectacle independence understandably have high expectations with regard to the outcome of their cataract surgery. It should be made very clear that the limitations of available technology preclude precise IOL power calculations and that the calculations for their eyes remain problematic. They may need to return to the use of spectacles and this should be discussed, as should other options that are available if spectacle dependency is highly undesirable. These options include a secondary piggyback implantation, an IOL exchange, or a touchup refractive procedure (if not contraindicated). A comprehensive and easily understood informed consent form could be of great value for these patients.
CONCLUSIONS
Tens of millions of patients have already undergone corneal refractive surgery with the hope of achieving spectacle independence. Invariably, later in life these same patients will develop cataracts. Although our methods for IOL power selection are improving, refractive outcomes remain problematic. Hopefully in the coming years, outcomes will improve with advances in measuring the actual total corneal power, IOL power calculation methods, and minimally invasive ways to adjust the IOL power postoperatively. 
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